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Technology, Beijing Institute of Technology, Beijing, P. R. ChinaABSTRACT Bead-based assay is widely used in many bioanalytical applications involving the attachment of proteins and other
biomolecules to the surface. For further understanding of the formation of a sphere-biomolecule complex and easily optimizing
the use of spheres in targeted biological applications, it is necessary to know the kinetics of the binding reaction at sphere/solution
interface. In our presented work, a simple fluorescence analysis method was employed to measure the kinetics for the binding of
biotin to sphere surface-bound FITC-SA, based on the fact that the fluorescence intensity of FITCwas proportionally enhanced by
increasing the binding amount of biotin. By monitoring the time-dependent changes of FITC fluorescence, it was found that the
binding rate constant of biotin to sphere surface-immobilized FITC-SA was much smaller than that of biotin to freely diffusing
FITC-SA. This can be attributed to the decreased encounter frequency of the reaction pair, restricted motion of the attached
biomolecule, and the weakened steric accessibility of the binding site. These factors would become more obvious when
increasing the size of the sphere upon which the FITC-SA was immobilized. Additionally, the effect of nanoparticles on the diffu-
sion-controlled bimolecular binding reaction was more evident than that on the chemical recognition-controlled binding reaction.INTRODUCTIONHigh-throughput detection technology is considered as a
point of great value in biological research and clinical diag-
nosis. Microarray assay technology is commonly used in
this field, which enables the researchers to analyze multiple
components in a single reaction and in an efficient manner.
The booming of nanotechnology creates some newly fabri-
cated nanomaterials and novel detection methods based on
them, which provides more choice in multicomponent anal-
ysis (1–3). In the past decade, bead-based analysis has been
emerging as a viable alternative technique and has shown
comparable performance to microarray. One of the most
important advantages of bead-based suspension assay is
the fast binding kinetics and high flexibility, compared
with microarray assays. Sapsford et al. (4) investigated
the kinetics of self-assembly between surface-immobilized
quantum dots (QDs) and proteins/peptides under flow
conditions, as well as between freely diffusing QDs and pro-
teins/peptides. They found that the latter was much faster.
They attributed this difference to the ability of the nanocrys-
tals and proteins/peptides to freely interact in solution. The
main driving factor would be the probability of encounters
in the solution, which was governed by the QD and pro-
tein/peptide concentrations and diffusion coefficients.
In our previous work, fluorescent-magnetic-biotargeting
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poly(styrene/acrylamide) copolymer nanospheres for cell
separation and protein detection (5). The key step in these ap-
plications is the interaction of biological molecules at
spheres/solution interfaces. Compared with commercially
available functional microspheres, those exploited by our
groupwere smaller in size and showed larger surface/volume.
From the Stokes-Einstein equation, the diffusion coefficient
of a particle in suspension was inversely proportional to the
radius. Thus, compared with microspheres, nanospheres
have higher flexibility, and faster surface-binding rate should
be expected. Thus arose the questions of whether the binding
rate between biomolecules might be affected by the nano-/
microcarriers and how fast the interaction might be. To better
control the sphere-biomolecules conjugates formation and to
more easily optimize the use of spheres in biological applica-
tions, it is critical to develop a sound understanding of the
binding kinetics of biomolecules at an interface.
Sapsford et al. (6) developed a fluorescence-based array
biosensor to measure the binding kinetics of antigen to im-
mobilized antibody in real time. The resulting exponential
rise in fluorescence signal was determined and the binding
rate constant was calculated to be 3.6  105 M1 s1. Their
research demonstrated that under flow condition, the reduc-
tion of spot size of the array did not alter the association rate
of the antigen with immobilized antibody. Singhal et al. (7)
measured the antibody-antigen binding kinetics with a sim-
ple microfluidic fluorescence bead assay, and subsequently
illustrated the measurement of multiple antibody-antigenhttp://dx.doi.org/10.1016/j.bpj.2014.05.005
166 Hu et al.interactions simultaneously as well as the measurement of
binding kinetics for low-abundance samples, such as anti-
bodies secreted from single cell.
Fluorescence assay proved to be useful as an analytical
tool for studying molecular interactions. As a commonly
used system in bioanalysis and biotechnology applications,
avidin/streptavidin-biotin reaction at interfaces was also
widely investigated. Buranda et al. (8) measured the average
number of binding sites per streptavidin-coated bead and
calculated the association and dissociation kinetics with
flow cytometric and spectrofluorimetric study. Jung et al.
(9) studied the adsorption of streptavidin on a gold surface
functionalized with biotin using surface plasmon resonance.
Wayment and Harris (10) reported a new method for deter-
mining the binding kinetics of streptavidin to glass-surface
immobilized biotin with single-molecule imaging.
Here, to evaluate the effect of particle size on the associ-
ation of biomolecules, fluorescein isothiocyanate-labeled
streptavidin (FITC-SA) was immobilized on the surfaces
of different-sized spheres and the biotin-binding process
was investigated. As it was reported, the fluorescence inten-
sity of FITC was increased with biotin binding (11,12).
Based on this property, the binding kinetics of biotin to
FITC-SA was performed by measuring the changes of
FITC fluorescence. The results demonstrated that the bind-
ing rate constant of biotin to sphere-surface immobilized
FITC-SA was much smaller than that of biotin to freely
diffusing FITC-SA. Moreover, this value decreased with
the increasing size of the spheres, which indicated that the
size had nonnegligible effect on the binding kinetics of bio-
molecules at the sphere/solution interface.EXPERIMENTAL SECTION
Materials and instruments
Streptavidin (SA) was obtained from Amresco (Solon, OH).
Pro analysis grade biotin, fluorescein isothiocyanate labeled-
streptavidin (FITC-SA, with 3–9 mol FITC per mol SA), n-
(biotinylamidoethyl)-fluorescein-5-carboxamide (F-biotin),
and anti-streptavidin antibody produced in rabbit (Anti-
SA) were purchased from Sigma-Aldrich (St. Louis, MO).
Bovine serum albumin was purchased from Bio Sharp Tech-
nologies (Carlsbad, CA). Carboxyl-terminated polystyrene
microspheres with a mean diameter of 3 mm (Pst-3, 6.74 
109/mL) were purchased from SuZhou Biocompass Biotech
(Suzhou, China). Carboxyl-terminated polystyrene micro-
spheres with a mean diameter of 25 mm (Pst-25, 2.91 
106/mL) were purchased from Tianjin BaseLine ChromTech
Research Centre (Tianjin, China).
Other chemical reagents were of analytical grade and
used as supplied without further purification. Buffer A,
0.01 M phosphate buffer solution (PBS, pH 7.2) containing
0.1 mg/mL bovine serum albumin, was used throughout.
Carboxyl-poly(styrene/acrylamide) copolymer nanospheresBiophysical Journal 107(1) 165–173(Pst-AAm, 1.67  1012/mL) were prepared by a modified
emulsion-free method mentioned before with a mean diam-
eter of 250 nm (13). Fluorescence signals were recorded
with a Fluorolog-3 (HORIBA Jobin Yvon, Palaiseau,
France) fluorescence spectrometer.Binding kinetics of biotin to FITC-SA in solution
Two milliliters of 20 nM FITC-SA (the effective concentra-
tion of FITC-SAwas standardized with biotin (13), detailed
in the SupportingMaterial) in Buffer Awas added to a stirred
cuvette and allowed to equilibrate for 10 min at 25C. Then
10 mMbiotin stock solution was added in 2 mL increments at
10-min intervals. Before each titration, the fluorescence in-
tensity of FITC at 515 nm was recorded, from which the
quantitative relationship between the fluorescence
increasing of FITC and the consumption of biotin could be
obtained. A binding kinetic experiment of biotin to FITC-
SA was performed at the same condition by adding 16 mL
of 10 mM biotin into a stirred cuvette containing 2 mL of
20 nMFITC-SA. Immediately after injection of the biotin so-
lution, the fluorescence intensity at 515 nm was monitored
within the reaction process. Combining with the quantitative
relationship between the fluorescence intensity of FITC and
the consumption of biotin, the concentrations of reactants
and product at certain times t could be calculated and the
binding rate constant could also be obtained.Immobilization of FITC-SA onto sphere surface
Approximately 300 mL of carboxyl-poly(styrene/acryl-
amide) copolymer nanospheres, 300 mL of carboxyl-termi-
nated polystyrene microspheres with a mean diameter of
3 mm, and 2 mL of carboxyl-terminated polystyrene micro-
spheres with a mean diameter of 25 mm, were reacted,
respectively, with 0.5 mg of anti-streptavidin antibody in
the presence of 100 mM EDAC (1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide hydrochloride) in 0.5 mL of 0.01 M
PBS (pH 7.2) for 4 h at room temperature with continuous
shaking. After washing five times, they were dispersed in
0.5 mL of 0.01 M PBS (pH 7.2) and incubated with
300 mL of 0.1 mg/mL FITC-SA, respectively, for another
2 h with gentle shaking. After that, the resultants were
washed several times until there was no detectable fluores-
cence signal in the supernatant.Kinetic analysis for the binding of biotin to FITC-
SA on sphere surface
The association process of biotin with FITC-SA on
the sphere surface was also studied spectrophotometrically
through the fluorescence change at 515 nm. Typically, a
certain amount of Pst-AAm-FITC-SA (FITC-SA-modified
carboxyl-poly(styrene/acrylamide) copolymer nanospheres)
or Pst-3-FITC-SA (FITC-SA-modified carboxyl-terminated
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Pst-25-FITC-SA (FITC-SA-modified carboxyl-terminated
polystyrene microspheres with a mean diameter of 25 mm)
dispersed in 2 mL of Buffer A were placed into a quartz
cuvette. Then far more excessive biotin was added and a
series of 1-s signal acquisitions at 515 nm were carried
out. The apparent binding rate was derived from the
515-nm emitting increase over time.RESULTS AND DISCUSSION
Quantification of FITC-SA
For investigating the binding kinetics of biotin to FITC-SA
in solution, the effective concentration of FITC-SA in stock
solution should be calculated. It was reported that conju-
gates of avidin with fluorescein exhibited an enhancement
in fluorescence emission in the presence of biotin or biotin
derivatives (11). Here, this property was used for quantifica-
tion of FITC-labeled streptavidin. As it was shown in
Scheme 1, fluorescein isothiocyanate usually occupied the
biotin-binding pockets for FITC-labeled streptavidin, which
could cause the fluorescence quenching of FITC. There are
many reports about the reason of this quenching, such as the
local microenvironment change of FITC (11) or their inter-
action with side-chain groups of certain amino acids (14).
Once biotin was added, it might displace the fluorescent
labels from the biotin binding sites and fluorescence
increasing could be observed.
As it was shown in Fig. 1 A, the fluorescence intensity of
FITC increased gradually when 2 mL of 1 mg/mL FITC-SA
was titrated with biotin until all of the binding sites were
occupied by biotin. The enhancement of emission intensity
at 515 nm has a linear relationship with the consumption of
biotin (Fig. 1 B). Thus, the effective concentration of FITC-
SA in stock solution was calculated to be 0.20 mM from the
breakpoint between linear increase and the subsequent
platform, based on the fact that there were four stoichio-
metric binding sites per streptavidin. This result corre-
sponded to the nominal molar concentration (0.17 mM)
calculated from the mass concentration and the molecular
weight of FITC-SA.SCHEME 1 Schematically illustrating the binding of biotin to FITC-SA.
To see this figure, go online.Binding kinetics of biotin to FITC-SA in solution
As mentioned above, the fluorescence intensity of FITC-SA
was linearly enhanced with biotin binding. So, the associa-
tion reaction of biotin with FITC-SA could be measured in a
convenient way based on the strong dependence of FITC
fluorescence on ligand/receptor stoichiometry.
It was reported that the binding of biotin to avidin/strep-
tavidin was a second-order bimolecular reaction, and the
four binding sites of avidin were similar that they com-
bined in a random manner with biotin (15). Therefore, it
would be expected that the four binding sites of FITC-SA
were also equivalent and the association rate constant of
the reaction would be independent of the fractional satura-
tion of streptavidin with biotin. In the following experi-
ments, the binding site was treated as an independent
reaction species. To verify this hypothesis, exactly 40
pmol of FITC-SA in 2 mL Buffer A was reacted with 160
pmol biotin with four steps. In each step, 40 pmol of biotin
was added. As it was shown in Fig. 2 A, the fluorescence of
FITC was enhanced when the first 40 pmol of biotin was
added to the reaction solution.
After the fluorescence remained constant, another 40
pmol of biotin was added. The spikes indicated the moment
when the cover of fluorescence spectrometer was opened
and biotin was added. It was obvious that the fluorescence
increasing in Step 1 was smaller than the other three steps.
That is because not all of the biotin-binding sites were occu-
pied by fluorescein isothiocyanate for FITC-SA. Once
biotin was added, they would bind with unoccupied binding
sites preferentially, which would not result in any changes of
fluorescence intensity. Compared with the fluorescence
increase in the other three steps, it could be calculated that
only <5% of biotin binding sites were unoccupied by
FITC. This portion had no remarkable effect on the binding
reaction except in Step 1. Thus, the association rate constant
for Steps 2–4 could be obtained with a second-order bimo-
lecular reaction model from
1
a b ln
a x
b x ¼ kt þ C; (1)
where a and b are the initial concentrations of binding
sites on FITC-SA and biotin before the reaction of each
step. The value x denotes the consumption of biotin within
time t in each step that could be obtained by the aforemen-
tioned method, and C is a constant. By plotting 1/(ab)
ln((ax)/(bx)) against time in each step, a straight line
was obtained (Fig. 2, B–D). The association rate constants
could then be evaluated from the slope of the straight line,
which were 2.21  105 M1 s1, 2.22  105 M1 s1,
and 2.40  105 M1 s1, respectively. The results indicated
that the binding rate constant was independent of the num-
ber of sites that had already reacted. So, we could get the
conclusion that the four binding sites of FITC-SA were
equivalent to biotin. The reaction between biotin andBiophysical Journal 107(1) 165–173
FIGURE 1 Titration of the biotin-binding sites
on FITC-SA (1 mg/mL, 2 mL) with 2.5 mM biotin
at 10 min intervals. (A) FITC fluorescence
enhancement when FITC-SA reacted with
increasing amount of biotin (from a to j, biotin
was added in 10 mL increments). (B) Plot of fluo-
rescence intensity versus consumption of biotin
derived from panel A.
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and the binding site, which would simplify the data process-
ing to a great extent.
To further measure the binding rate constant, 40 pmol of
FITC-SA in 2 mL of Buffer Awas directly reacted with 160
pmol of biotin and the fluorescence intensity at 515 nm was
monitored during the process (Fig. 3 A). With the aforemen-
tioned method, the association rate constant k between biotin
and binding site was calculated to be 2.32  105 M1 s1,
which was consistent with the results obtained above. It is
worthwhile to point out that the value of k was much smaller
than previous reports for biotin and avidin/streptavidin (16).
The slowed ratewasmainly attributed to competitive binding
of biotin and FITC to the binding sites (17).Binding kinetics of biotin to FITC-SA immobilized
on nanosphere surface
In our previous work, carboxyl-poly(styrene/acrylamide)
copolymer nanospheres (Pst-AAm) were used as theBiophysical Journal 107(1) 165–173template to construct fluorescent-magnetic-bifunctional
nanodevices for biological applications after being modified
with certain biomolecules (3,18). One of the most important
advantages of this bead-based suspension assay is the fast
binding kinetics (19,20). There arise the questions of how
fast it might be and how the binding rate between bio-
molecules might be affected by such nanocarriers. To
answer these questions, FITC-SA was immobilized on
the surfaces of carboxyl-poly(styrene/acrylamide) copol-
ymer nanospheres and the biotin-binding kinetics was
investigated.
It is not easy to determine the accurate number of effec-
tive biotin binding sites on surface-bound FITC-SA. So,
we applied a pseudo-first-order reaction analysis to assess
the kinetics of biotin binding to FITC-SA immobilized on
sphere surface. When a certain number of surface-bound
FITC-SA reacted with far more excessive biotin, the con-
centration of biotin could be considered as remaining con-
stant during the reaction procedure and the reaction was
first-order respected to FITC-SA. Within the framework ofFIGURE 2 Multistep binding kinetics of biotin
to FITC-SA. (A) 2 mL of Buffer A containing
20 nM FITC-SA was stirred and the fluorescence
was monitored at 515 nm. Sixteen microliters of
biotin (10 mM) was added by four steps with
4 mL for each step. The spikes indicated the
moment when the cover was opened and biotin
was added. (B–D) Linearization of the association
time course in terms of a bimolecular reaction
derived from panel A. To see this figure, go online.
FIGURE 3 Fluorescent measurement and anal-
ysis for the binding of biotin to FITC-SA in solu-
tion at 25C. (A) 2 mL of Buffer A containing
20 nM FITC-SA was stirred and the fluorescence
was monitored at 515 nm when 16 mL of biotin
(10 mM) was added. (B) Linearization of the asso-
ciation time course in terms of a bimolecular reac-
tion. To see this figure, go online.
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constant could be calculated from
FðtÞ ¼ A1 ekapp tþ F0; (2)
where kapp is the apparent binding rate constant, F(t) and F0
designate the fluorescence intensity at time t and the initial
intensity, respectively, and A is the preexponential factor.
Then the association rate constant kon could be obtained
from
kapp ¼ konCbiotin; (3)
where Cbiotin is initial concentration of biotin added. We
derived kon by measuring kapp at several different biotin
concentrations while maintaining the number of FITC-SA-
modified nanospheres constant. As shown in Fig. 4 A,
the fluorescence intensity of FITC exhibited a monoexpo-
nential increase with time, in agreement with Eq. 2. The
values kapp were extracted for each biotin concentration.
Plots of kapp versus biotin concentration clearly demon-
strated that kapp had a linear dependence on biotin concen-
tration (Fig. 4 B), in agreement with the prediction of Eq.
3. From the linear relationship, kon was calculated to be
~1.62  105 M1 s1. It should be noted that this value
was smaller than the binding rate constant of biotin to freely
diffusing FITC-SA in solution.We attributed this difference to the following three
possibilities:
1. Encounter frequency—the attachment of FITC-SA with
nanospheres would reduce the probability to form
FITC-SA/biotin encounter;
2. Steric accessibility of binding site—portions of the
biotin binding sites were hidden when FITC-SA
was attached on the surfaces of nanospheres, which
would increase the time for biotin to find these binding
pockets;
3. Restricted moving—compared with the freely moving
FITC-SA in solution, the moving of FITC-SA including
translation and rotation was greatly reduced once they
were immobilized on sphere surface, which would result
in the decrease of effective collision between biotin and
the binding site.
The probability for formation of FITC-SA/biotin en-
counter could be interpreted by hard-sphere collision
theory. Let CSA and CB be the initial concentrations of
FITC-SA and biotin in the reaction solution, respectively.
Let mSA, mB, and mS be the mass of the FITC-SA, biotin,
and FITC-SA-attached spheres, respectively. If all of the
FITC-SA was adsorbed on the surface of spheres with a
mean radius R at concentration CS, the encounter frequency
fS between biotin and FITC-SA might be given as (21)
fS ¼ ½1=2vTSCBðrÞ

g4pR2CS

; (4)FIGURE 4 Kinetics of biotin binding to FITC-
SA immobilized on the surface of poly(styrene/
acrylamide) copolymer nanospheres. Twenty
microliters of Pst-AAm-FITC-SA was dispersed
into 1.98 mL of Buffer A and reacted with far
more excessive biotin at varying amount:
0.25 nmol (black square), 0.31 nmol (red circle),
0.38 (blue up-triangle), 0.44 nmol (magenta
down-triangle), and 0.50 nmol (olive diamond).
(A) Plot of the fluorescence intensity versus time
for several concentrations of biotin fitted to mono-
exponential increases. (B) Plot of apparent binding
rates kapp versus biotin concentration derived from
panel A. To see this figure, go online.
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170 Hu et al.where CB (r) is the concentration of biotin near the surface
of the sphere, vTS is the mean thermal velocity of biotin
related to the sphere, and g is the fraction of the surface
of sphere covered by total FITC-SA.
In our experiments, biotin was added in excess so that we
could neglect any depletion of biotin at the interface and
leave time for diffusive transport to resupply those mole-
cules to the surface (22). Thus, CB (r) remained constant,
with a time equal to CB.
We assumed that the solute exhibited a classical
Maxwell-Boltzmann velocity distribution in its motion in
the solution. This thermal velocity then could be calculated
as a special case of a formula derived by Schurr (23),
vTS ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kBT
p
r ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mS þ mB
mSmB
r
z
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kBT
pmB
r
ðmS[mBÞ; (5)
where kB is Boltzmann’s constant, and T is the temperature.
By assuming that the distribution of FITC-SA on the
surface of sphere was homogeneous at an ideal state, the
fraction g could be calculated from
g ¼ npr
2
4pR2
; (6)
where n is the number of FITC-SA per sphere, the value is
n ¼ CSA/CS, and r is the radius of FITC-SA. From Eqs. 4–6,
the encounter frequency fS between biotin and surface-
bound FITC-SA was given as
fs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kBT
pmB
r
 pr2  CB  CSA: (7)
However, if freely diffusing FITC-SA and biotin at initial
concentrations CSA and CB in solution were mixed, the
encounter frequency f could be given as
f ¼ ð1=2vTCBÞ

4pr2CSA

; (8)
where vT is the mean thermal velocity of biotin related to
FITC-SA and could be given as
vT ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kBT
p
r ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mSA þ mB
mSAmB
r
z
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8kBT
pmB
r
¼ vTS ðmSA[mBÞ;
(9)
then we had
f ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kBT
pmB
r
 4pr2  CB  CSA: (10)
From Eqs. 7 and 10, we could get the probability for forma-
tion of the biotin/FITC-SA encounter where biotin mixed
with freely diffusing FITC-SA was four times higher than
that with the sphere-bound FITC-SA.Biophysical Journal 107(1) 165–173For a bimolecular reaction in liquid, reacting solute mol-
ecules A and B can be viewed as being surrounded by a cage
formed by other molecules. The reduced mobility in liquids
hinders A and B from getting close to each other in solution.
However, once A and B do meet, they will be surrounded by
a cage of solvent molecules that keeps them close together
for a relatively long time, during which they collide repeat-
edly with each other (cage effect). A process in which A
and B diffuse together to become neighbors is called an
encounter. Each encounter in solution involves many
collisions between A and B while they remain trapped in
the solvent cage. Not every collision between the reactant
molecules results in a reaction, and only a small fraction
of the total number of collisions with sufficient energy
and right orientation are effective.
It is well known that each streptavidin has four equivalent
binding pockets for biotin. Two of them were located on one
side of the protein and the other two located on the opposite
side. So we can consider that only the collision between
biotin and the binding site with the right orientation would
result in a reaction, without considering the energy factors.
Once immobilized on the sphere surface, FITC-SA could
not move freely in solution and the binding sites would be
hidden by the spheres so that they become inaccessible for
biotin. It would take much more time for biotin to find these
pockets. On the other hand, the moving of FITC-SA is
restricted when they are immobilized, and partly depends
on the size of the particles with which FITC-SA are
attached. Larger particles have a larger viscous drag, and
thus result in lower translation velocity and smaller rotation
frequency (24,25). This would greatly reduce the collision
possibility between biotin and the binding sites in one
encounter. All of these factors could cause the decrease of
the binding rate between biotin and FITC-SA on the sphere
surface (6,26).
As calculated above, the encounter frequency of biotin
and FITC-SA decreased by three-quarters when the latter
were bound on the surface of spheres, compared with freely
diffusing FITC-SA. However, the binding rate constant
between them only decreased by 30%. To clarify this fact,
the activation energy (Ea) for biotin binding to FITC-SA
was determined. As shown in Fig. S7 in the Supporting Ma-
terial, Ea for biotin binding to FITC-SAwas calculated to be
33.2 kJ/mol by measuring the binding rate constant of them
at different temperatures. It was much higher than the theo-
retical prediction of Ea (~19 kJ/mol) for a diffusion-
controlled reaction in water at 25C, which implied that
the binding of biotin to FITC-SAwas chemically controlled
and the rate of encounter formation contributed little to the
whole reaction. So, the decreased binding rate for biotin
to FITC-SA on sphere surface was mainly attributed to
restricted movement of FITC-SA and the weakened steric
accessibility of the binding site. Once FITC-SA is immobi-
lized, their thermal motion is restricted. The rotational de-
grees of freedom for them and the accessibility of the
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biotin to find the binding pockets with the right orientation
and enough energy decreased, which resulted in a relatively
lower binding rate constant.
For a fast reaction, such as a diffusion-controlled reac-
tion, the result may show some difference. With the same
method, the binding kinetics of another couple of biomole-
cules, F-biotin and streptavidin (SA), was measured. The
effective concentrations of F-biotin and SA in stock solution
were first calculated and the four binding sites of SA were
also proved to be equivalent for F-biotin (detailed in
Fig. S3, Fig. S4, and Fig. S5). With a second-order bimolec-
ular reaction model, the association rate constant k of
F-biotin to their binding site was calculated to be 8.20 
107 M1 s1 (see Fig. S6). The high rate and relatively
low Ea (~24.4 kJ/mol calculated from Fig. S7 B) of the re-
action suggested that one of the rate-limiting factors was the
diffusion of the small molecule to the binding site (16).
It can be seen that the binding rate constant of F-biotin to
SA is much larger than that of biotin to FITC-SA, despite
the fact that the essence of these two reactions is the
biotin-streptavidin binding. This can be attributed to the
different structures of FITC-SA and SA. As it is shown in
Scheme 1, fluorescein isothiocyanate tends to occupy the
biotin-binding pockets on FITC-SA. Once biotin added, it
has to compete with fluorescein isothiocyanate for the bind-
ing site, which will slow down the binding rate to a large
extent. This will not happen when F-biotin reacts with SA
(see Scheme S1 in the Supporting Material).
After the immobilization of SA on the surface of Pst-
AAm nanospheres, far more excessive F-biotin with
different initial concentrations was added and the fluo-
rescence intensity at 521 nm during the whole reaction
was recorded. To assess the binding kinetics of F-biotin to
surface-bound SA, a pseudo-first-order reaction analysis
as mentioned above was used. From Eqs. 2 and 3, the
binding rate constant of F-biotin to surface-bound SA was
calculated to be ~1.0  106 M1 s1 (see Fig. S8), which
was much smaller than that of F-biotin to freely diffusing
SA. When FITC-SA or SAwas immobilized on the surface
of Pst-AAm nanospheres, they were similar in the steric
environment. Thus, the encounter frequency between the
reactant molecules and accessibility of binding pockets on
FITC-SA/SA for biotin/F-biotin were more or less the same.
However, the calculated binding rate constant of F-biotin
to SA on the sphere surface was larger than that of biotin to
FITC-SA. It was resulted from the lower energy needed for
the chemical reaction to occur between F-biotin and SA. As
discussed above, the F-biotin/SA reaction was a diffusion-
controlled reaction. It could be considered that chemical re-
action could occur once F-biotin and SA met each other. So,
all of the three factors including the decreased encounter
frequency of the reaction pair, the restricted moving of
SA, and the weakened steric accessibility of the binding
site, resulted in the dramatic decrease of the binding rate be-tween F-biotin and surface-bound SA. However, it mainly
depended on the difficulty for F-biotin finding the binding
pockets on surface-bound SA in one encounter.Effects of sphere size on binding rate between
biotin and surface-bound FITC-SA
It was demonstrated that the binding rate constant of biotin
to sphere surface-immobilized FITC-SA was smaller than
that of biotin to freely diffusing FITC-SA. What about the
effects of sphere size (from nanoscale to microscale) on
the entire binding rate? To clarify the answer of this ques-
tion, binding kinetics of biotin to FITC-SA attached with
different-sized microspheres was measured.
FITC-SA was immobilized on the surfaces of carboxyl-
terminated polystyrene microspheres with a mean diameter
of 3 mm and 25 mm, respectively. Then a certain amount of
Pst-3-FITC-SA or Pst-25-FITC-SA was reacted with far
more excessive biotin at different concentrations. Fluores-
cence intensity at 515 nm was monitored. As shown in
Fig. 5, the fluorescence intensity of FITC exhibited monoex-
ponential increase with time, in agreement with Eq. 2. The
values kapp were extracted for each biotin concentration.
Plots of these kapp versus biotin concentration clearly demon-
strated that kapp had a linear dependence on biotin concentra-
tion (Fig. 5, B and D), in agreement with the prediction of
Eq. 3. From the linear relationship, biotin-binding rate con-
stants k could be calculated to be ~1.26  105 M1 s1 for
Pst-3-FITC-SAand 0.53 105M1 s1 for Pst-25-FITC-SA.
It was obvious that the binding rate constant between
biotin and surface-bound FITC-SA decreased with
increasing size of the spheres (as summarized in Table 1).
We attributed this decrease mainly to the increased steric
hindrance of the reaction. It became more difficult for biotin
to find the binding site when FITC-SA was attached on the
surface of larger spheres.CONCLUSIONS
The goal of this research was to measure the binding
kinetics of biomolecules at sphere/solution interfaces and
to evaluate the effects of particle size on the binding rate.
To achieve this goal, FITC-SA was immobilized on the
surfaces of different-sized spheres and the biotin-binding
process was investigated, based on the fact that the fluores-
cence intensity of FITC was enhanced with the biotin bind-
ing. Before that, the four binding sites of FITC-SA were
proved to be equivalent for biotin and the binding rate con-
stant between them at freely diffusing state was calculated to
be 2.32  105 M1 s1 with a second-order bimolecular re-
action model.
The immobilization of FITC-SA on sphere surfaces led to
a certain degree of decrease in the binding rate constant. The
decrease was even more notable for another diffusion-
controlled reaction pair, F-biotin and SA. We attributedBiophysical Journal 107(1) 165–173
FIGURE 5 Kinetics of biotin binding to FITC-
SA immobilized on the surfaces of 3-mm (A
and B) and 25-mm (C and D) carboxyl-functional-
ized polystyrene microspheres. (A and C) Plot of
the fluorescence intensity versus time for several
concentrations of biotin fitted to monoexponential
increases. (B and D) Plot of kapp versus biotin con-
centration derived from panel A. To see this figure,
go online.
172 Hu et al.this difference to the decrease of the encounter frequency of
the reaction molecules, the restricted moving of the attached
biomolecule, and the weakened steric accessibility of the
binding site. Further research demonstrated that the reduc-
tion of binding rate between the reaction pair was much
more obvious by increasing the size of sphere, which indi-
cated that the size had critical nonnegligible effects on the
binding kinetics of biomolecules at the sphere/solution
interface. The binding rate of biomolecules at the surface
of nanometer-sized spheres was faster than that at the sur-
face of microspheres.
This study can help us to better control the sphere-
biomolecule conjugates formation and to more easily opti-
mize the use of spheres in targeted biological applications.SUPPORTING MATERIAL
S1 Characterization of Spheres, S2 Standardization of FITC-SA Stock
Solution, S3 Standardization of SA Stock Solution, S4 Standardization of
F-Biotin Stock Solution, S5 Equivalence of Biotin-Binding Sites on SA,
S6 Binding Kinetics of F-Biotin to SA in Solution, S7 Activation Energy,TABLE 1 Rate constants (k) of biotin binding to freely
diffusing and different-sized spheres surface-bound FITC-SA
Binding rate constants (k)
Biotin binding to FITC-SA in solution 2.32  105 M1 s1
Biotin binding to FITC-SA attached with
250-nm nanospheres
1.62  105 M1 s1
Biotin binding to FITC-SA attached with
3-mm microspheres
1.26  105 M1 s1
Biotin binding to FITC-SA attached with
25-mm microspheres
0.53  105 M1 s1
Biophysical Journal 107(1) 165–173and S8 Binding Kinetics of F-Biotin to SA on Sphere Surface, with eight
figures, and one scheme, are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(14)00502-5.
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